We have isolated cDNAs and raised antibodies corresponding to the human homologs of the S. cerevisiae CDC27 and CDC16 proteins, which are tetratrico peptide repeat (TPR)-containing proteins essential for mitosis in budding yeast. We find that the CDC27Hs and CDC16Hs proteins colocalize to the centrosome at all stages of the mammalian cell cycle, and to the mitotic spindle. Injection of affinity-purified anti-CDC27Hs antibodies into logarithmically growing HeLa cells causes a highly reproducible cell cycle arrest in metaphase with apparently normal spindle structure. We conclude that CDC27 and CDC16 are evolutionarily conserved components of the centrosome and mitotic spindle that control the onset of postmetaphase events during mitosis.
Introduction
Analysis of the molecular components required for eukaryotic mitosis has been advanced by the application of powerful genetic techniques available in microorganisms such as yeast. For example, the cdc mutants in the budding yeast S. cerevisiae have been a rich resource for the identification of genes required for progression through the various stages of the cell cycle, including mitosis (Hartwell et al., 1974) . Research over the past decade has indicated that the basic machinery responsible for the structural and regulatory aspects of cell division is highly conserved in diverse organisms such as yeast and humans. Thus, insights gained about cell division cycle control in either yeast or human cells can be applied to an understanding of processes common to eukaryotic organisms.
Conditional mutations in cdc genes that are important for yeast mitosis are predicted to cause yeast cells to arrest at the G2/M stage of the cell cycle (i.e., with a large bud, replicated chromosomes, a short mitotic spindle, and an undivided nucleus; Pringle and Hartwell, 1981) . G2/M arrest can also be caused by the presence of lesions in DNA caused by incomplete replication or DNA damage that is sensed at the RAD9.dependent cell cycle checkpoint (Weinert and Hartwell, 1993) . Unlike cdc mutants defective in DNA metabolism (e.g., cdcg), the G2/M arrest phenotypes of cdc16, cdc20, cdc23, and cdc27 mutants will occur in the absence of RAD9 function (Weinert and Hartwell, 1993; W. Michaud and P. H., unpublished data suggests that the proteins encoded by the CDC16, CDC20, CDC23, and CDC27genes are not involved in DNA metabolism and may therefore be directly involved in structural or regulatory aspects of mitosis. Consistent with this idea are recent fluorescence in situ hybridization (FISH) experiments in which condensed chromosomes were observed at the arrest points of cdc16 and cdc20 mutants (Guacci et al., 1994) . Furthermore, mutations in either the BimA or nuc2 + genes (which are the CDC27 homologs from A. nidulans and S. pombe, respectively), cause arrest in these fungi with a morphology consistent with metaphase (O'Donnell et al., 1991; Hirano et al., 1988) .
CDC16, CDC23, and CDC27 encode structurally related proteins. All 3 proteins are characterized by blocks of tandemly repeated 34 amino acid repeats known as tetratrico peptide repeats (TPRs; Sikorski et al., 1990; Hirano et al., 1990; Goebl and Yanagida, 1991) . Proteins with TPRs are involved in a wide range of functions in organisms from bacteria to humans . It has been proposed that the TPR motif mediates protein-protein interactions (Hirano et al., 1990; Sikorski et al., 1990; Lamb et al., 1994) . In support of this hypothesis, CDC16, CDC23, and CDC27 have been shown to be components of a multiprotein complex in yeast. Immunoprecipitation of any 1 of the 3 proteins from a yeast cell extract coimmunoprecipitates the other 2, and the interaction between CDC23 and CDC27 appears to be mediated via a TPR (Lamb et al., 1994) .
To complement previous studies performed in fungi and to take advantage of methods available for use with cultured mammalian cells, we isolated the human homologs of CDC16 and CDC27 for further analysis. Cytological methods available in mammalian cells are far superior to those in yeast because mammalian cells have condensed mitotic chromosomes that are easily seen in the light microscope. Structures such as the mitotic spindle and centrosome are much larger and more elaborate compared with analogous structures in yeast. Furthermore, stages of mitosis (prometaphase chromosome congression, metaphase, and transition to anaphase) are easily distinguishable by direct observation in the microscope. We have raised antibodies against the CDC16Hs and CDC27Hs proteins and used them in biochemical and subcellular localization experiments and for functional studies in mammalian cells. The results show that the CDC16Hs and CDC27Hs proteins are novel components of the mammalian spindle and centrosome, and that at least the CDC27Hs protein appears to be essential for the transition from metaphase to anaphase during mitosis.
Results

Identification of CDC16Hs and CDC27Hs
We have previously reported the cloning and sequence analysis of CDC27Hs (Tugendreich et al., 1993) . The CDC16Hs cDNA was identified in dbEST (the database of expressed sequence tags; Boguski et al., 1993 ) via its Homologs and Immunoblot Using the Anti-CDC27Hs and AntiCDC16Hs Antibodies (A) The proteins encoded by CDC27Hs (GenBank U00001), CDC27 (or YBL084c; GenBank Z35845), CDC16Hs (GenBank U18291), and CDC16 (GenBank X06165) are depicted to scale as bars. Each gray box within the bar represents a single tetratrico peptide repeat (TPR), and each TPR is numbered 1-10 above each human protein. The thin black lines above the human proteins depict the location of the expressed sequence tags (ESTs; Adams et al., 1992 Adams et al., , 1993 , which were originally used to identify the cDNAs in dbEST, and are labeled with their NCBI identification numbers. The portions of the CDC27Hs and CDC16Hs proteins expressed in bacteria and used to raise antibodies are bracketed. predicted similarity to the S. cerevisiae CDC16 protein sequence (see Experimental Procedures). The CDC16Hs full-length cDNA (GenBank accession number U18291) encodes a protein of 619 amino acids with a predicted molecular weight of 71.5 kDa and overall similarity ( -3 0 % ) to the S. cerevisiae CDC16 and S. pombe cut9 ÷ (Samejima and Yanagida, 1994) proteins (see Figure 1A) .
Antibodies against the CDC27Hs and CDC16Hs Proteins
Antibodies were prepared to facilitate subsequent cytological, biochemical, and functional studies. Portions of the CDC27Hs and CDC16Hs open reading frames (bracketed in Figure 1A ) were fused downstream of DNA encoding 6 histidines and expressed in bacteria under the strong T7 promoter (described in Experimental Procedures). The overproduced proteins were purified and used to raise polyclonal antibodies in rabbits and mice. Three antibody preparations were used in all subsequent experiments: rabbit anti-CDC27Hs, mouse anti-CDC27Hs, and rabbit anti-CDC16Hs. Each of the antibodies showed negligible reactivity against the 6 histidines or linker encoded in the vector (data not shown).
Results of immunoblots demonstrate the specificity of these three antibody reagents ( Figure 1B) . The rabbit antiCDC27Hs antibody detects an approximately 99 kDa protein (a slightly higher molecular weight than the predicted 92 kDa) in extracts of proteins from porcine kidney and human epithelial cell lines (LLC-PK and HeLa, respectively; lanes 3 and 4). The mouse anti-CDC27Hs antibody gives similar results (lane 6). The rabbit anti-CDC16Hs antibody specifically detects a protein of 72 kDa in pigs and humans (lanes 9 and 10). Interestingly, the antiCDC16Hs-reactive protein runs as a doublet at its predicted molecular weight of 72 kDa in human and porcine cells, with a slightly less intense upper band. This may reflect posttranslational modification of the CDC16Hs protein. Furthermore, expression of the full-length CDC27Hs or CDC16Hs cDNAs in yeast produces immunoreactive bands identical in size to the proteins observed in mammalian cell extracts (data not shown), indicating specific recognition of the cDNA-encoded open reading frames.
The CDC16Hs and CDC27Hs proteins are only partially soluble in whole mammalian cell extracts. Extraction of HeLa or LLC-PK cells with 0.1%-0.5% nonionic detergents such as Nonidet P-40 or Triton X-100 releases about 50% of the CDC16Hs or CDC27Hs protein from the cells (data not shown). By quantitative immunoblotting, we estimate that the CDC16Hs and CDC27Hs proteins are each present at about 100,000 copies per HeLa cell.
CDC27Hs and CDC16Hs Proteins Colocalize to the Centrosome and Mitotic Spindle in Mammalian Cells
We used the antibodies described above to immunolocalize the CDC27Hs and CDC16Hs proteins in HeLa and LLC-PK cells. Both the CDC27Hs and CDC16Hs proteins primarily associate with the centrosome and spindle in mammalian cells. The rabbit anti-CDC27Hs, mouse antiCDC27Hs, and rabbit anti-CDC16Hs antibodies produce similar staining patterns in both HeLa and LLC-PK cells and appear to Colocalize in cells at all stages in the cell cycle. Figure 2 and Figure 3 display a series of micrographs of LLC-PK cells at various stages in the mitotic cycle staihed with rabbit anti-CDC16Hs antibody (Figures 2F, 21, 2L, 20, and 2R) or mouse anti-CDC27Hs antibody ( Figures 3D, 3F , 3H, 3J, and 3L). Both antibodies stain the centrosome at all stages of the cell cycle and become associated with spindle microtubules after nuclear envelope breakdown. The spindle staining persists into telophase when the spindle compacts into the midbody (Figure 3L ). Faint and diffuse nuclear staining is also apparent during interphase, which becomes cytoplasmic after nuclear envelope breakdown. An alternative fixation protocol using cold methanol (rather than paraformaldehyde) produces similar patterns. Interestingly, both antibodies stain pole-to-chromosome and pole-to-pole spindle fibers fairly strongly, but appear to stain astral microtubules only weakly or not at all. Localization at the centrosome could be due to accumulation of protein following translocation along a microtubule or by assembly of components independent of microtubules. The latter appears to be the case because the centrosome staining of the anti-CDC16Hs and anti-CDC27Hs antibodies persists in the absence of microtubules. Depolymerization of the microtubule arrays of cells growing on coverslips with 1 i~g/ml nocodazole for 1 hr (which completely destroyed the spindle) does not affect the staining of centrosomes by anti-CDC16Hs or anti-CDC27Hs antibodies (data not shown). We conclude that these proteins are stably associated components of the centrosome.
Injection of Anti-CDC27Hs and Anti-CDC16Hs Antibodies into HeLa Cells
In an effort to determine the function(s) of the CDC16Hs and CDC27Hs proteins in mammalian cells, we injected affinity-purified antibodies against these proteins into the nuclei of interphase HeLa cells and followed the cells visually over time, This technique allows detection of antibody- induced delays in the cell cycle and/or large disruptions of cell morphology.
Anti.CDC27Hs Injections
The experiment was conducted in two stages so that cells could be injected and assayed at all positions in the cell cycle. The first stage (experiment 1) was to inject the cells with affinity-purified anti-CDC27Hs antibodies or control preimmune IgGs and monitor the cells hourly for 12 hr. This allowed us to observe the effect of the antibodies in cells that were within approximately 10 hr of mitosis (i.e., G2/S) at the time of the injections. The second stage (experiment 2), performed on a different day, was to inject antibodies, wait approximately 14 hr, and then score the results hourly for 12 hr. Only those cells entering mitosis during the observation period were scored. The second experiment enabled us to observe the effect of antibody injection on cells that were 14-24 hr from mitosis (i.e., G 1IS) at the time of injection. The data from the two expe riments are represented graphically in Figure 4 . Cells injected with preimmune antibody were monitored immediately after injection. As expected, individual cells entered mitosis at various times after injection and spent a relatively short time in mitosis (thick bars), usually 1-2 hr, before completing division ( Figures 4A and 4B , open squares). Conversely, injection of affinity-purified antiCDC27Hs antibodies caused the cells to arrest in mitosis for prolonged periods ( Figures 4C and 4D ). Individual cells entered mitosis and reached metaphase at various times, with kinetics indistinguishable from control injected cells; howeVer, chromosome segregation and subsequent cell division appeared to be blocked. The observed cell cycle arrest occurred over periods of greater than 10 hr and often resulted in the death of the cell (closed squares). This phenotype was independent of the time at which the cells were injected relative to mitosis (compare Figures  4C and 4D ) and was observed in 84%-93% of the injected cells that entered mitosis (Table 1) . Figure 5 shows light micrographs of control antibodyinjected and anti-CDC27Hs-injected cells. Figure 5A shows a colony of interphase HeLa cells just after intranuclear injections with the control antibody. Figure 5B shows the same colony 14 hr later. Notice that some cells have divided and display a normal interphase morphology. Figure  5C shows a colony of cells immediately after injection with the anti-CDC27Hs antibody, and Figure 5D shows the Injected cells were stained for the presence of the injected antibody (using secondary antibody directed against rabbit IgGs). We found that the anti-CDC27Hs antibody was distributed diffusely throughout the nuclei of the cells, rather than being exclusively located at the spindle and poles. Nevertheless, we could still detect CDC27Hs at spindle poles of arrested cells by staining with mouse antiCDC27Hs antibody.
In a separate experiment, we injected mitotic HeLa cells with anti-CDC27Hs antibodies (experiment 3) and observed the cells for approximately 6 hr. As shown in Table  1 , the rabbit anti-CDC27Hs antibody was capable of inducing a metaphase arrest in cells that were in prophase or at metaphase, but was unable to arrest cells that had reached anaphase. Finally, the metaphase arrest phenotype is not unique to HeLa cells; LL-CPK cells injected with anti-CDC27Hs antibodies undergo a similar mitotic arrest.
Anti-CDC16Hs Injections
Affinity-purified anti-CDC16Hs antibodies were injected into HeLa cells and scored over time. Results after 12 hr are shown in Table 1 (experiment 4) and indicate that these antibodies are unable to arrest HeLa cell division. Over 100 cells entered mitosis in the presence of the antibody, and all of them subsequently divided. These cells were fixed and stained with goat anti-rabbit secondary antibody for the presence of the injected antibody and with DAPI to visualize the DNA. The injected antibody localized to the presumed centrosomes of the cells (data not shown).
We also performed a mixing experiment in which the rabbit anti-CDC27Hs antibodies were mixed with the antiCDC16Hs antibodies at a 1:1 ratio and injected into HeLa cells. The cells arrested at metaphase as expected (owing to the anti-CDC27Hs activity); furthermore, by probing with secondary antibody, we were able to determine that the anti-CDC27Hs activity was unable to disrupt the centrosomal localization of the anti-CDC16Hs antibodies.
Discussion
Genetic analysis of mutants in fungi has led to the identification of many important structural and regulatory components of the cell cycle that were later found to have functional homologs that exist in a wide range of eukaryotic cells. These evolutionary relationships serve as crossreferences between diverse organisms that offer different experimental approaches for studying protein function. Fungi are excellent experimental organisms for the application of classical and recombinant genetics to the study of gene function. However, and particularly relevant to the study of the chromosome cycle, cytological methods are far superior in animal cells as compared with yeast. Thus, studying a protein's function in both yeast and animal cells is advantageous and may lead to insights that could not be obtained from either organism alone.
We describe the analysis of 2 human proteins, CDC27Hs and CDC16Hs, the homologs of which were originally identified in fungi via mutants that were thought to arrest in mitosis. The techniques available in mammalian cell biology have allowed us to localize the CDC16Hs and CDC27Hs proteins to the nucleus, the centrosome, and the mitotic spindle, and to show that disturbing the function of the CDC27Hs protein blocks the onset of anaphase.
New Components of the Centrosome and Spindle
The immunofluorescence experiments described above indicate that the CDC16Hs and CDC27Hs proteins are novel components of the centrosome and mitotic spindle. The centrosome is a highly complex macromolecular structure composed of upwards of 100 polypeptides, which serves as the cellular microtubule organizing center (Kellogg et al., 1994) . A recent review (Kalt and Schliwa, 1993) describes only 14 mammalian proteins characterized to date that are present at the centrosorhe throughout the cell cycle; 2 of these, centrin and NSP~ have known counterparts in S. cerevisiae.
The spindle pole body (SPB) in S. cerevisiae is the functional equivalent of the mammalian centrosome and is a morphologically distinct structure embedded in the nuclear envelope (Kellogg et al., 1994) . As in other fungi, the S. cerevisiae nucleus does not break down during mitosis. Although the centrosome and SPB have clearly diverged in overall structure, many components are likely to be conserved, and what is learned about the function of one will often be germane to an understanding of the function of the other. In fact, it was recently revealed that the BimA protein, the Aspergillus nidulans homolog of CDC27, localizes to the SPB in that organism (Mirabito and Morris, 1993) . The conditions that permitted immunofluorescent detection of BimA destroyed the mitotic spindle in these cells, and so it was thought that BimA resides solely at the SPB. We have preliminary evidence in our laboratory that CDC27 localizes to the SPB and spindle in S. cerevisiae (W. Michaud and P. H., unpublished data). No immunolocalization data has been published for CDC16 or cut9 + (the S. pombe homolog of CDC16).
The CDC27Hs Protein Is Required for the Onset of Anaphase
Injection of affinity-purified anti-CDC27Hs antibodies into cycling HeLa cells induces an extremely strong cdc-like arrest at metaphase. The arrest phenotype in mammalian cells is consistent with what is observed with mutations in the CDC27Hs fungal homologs BimA, nuc2 ÷, and CDC27, in which mutant cells arrest with an intact preanaphase spindle. This result is, however, somewhat unexpected given that the CDC27Hs protein localizes to the centrosome and also to the spindle itself. One might have expected that disrupting the action of the CDC27Hs protein would lead to arrest prior to metaphase, with a damaged or unformed spindle and misaligned chromosomes. This is what has been seen when anti-'y-tubulin antibodies were injected into mammalian cells (Joshi et al., 1992) . Nevertheless, when mammalian cells are treated with doses of nocodazole that are below what is required to destroy the spindle, they actually arrest at metaphase with an intact spindle (Jordan et al., 1992) , The onset of anaphase may be exquisitely sensitive to proper spindle function, and the anti-CDC27Hs antibody might subtly affect the postmetaphase dynamics of the spindle. Alternatively, the antibody against CDC27Hs might disrupt the activity of the fraction of the CDC27Hs protein that is soluble, and therefore not affect the action of the spindle.
The metaphase arrest of anti-CDC27Hs-injected cells implies that the CDC27Hs protein does not participate in microtubule nucleation or prometaphase spindle activity, but rather controls some later aspect of mitosis. An intriguing possibility is that the centrosome might communicate a signal to the cell division machinery to indicate that metaphase has been achieved, so that subsequent postmetaphase events occur in coordination. In this regard, the CDC16 and CDC23 genes have been shown to be required for the proteolysis of a mitotic cyclin (CLB2) in S. cerevisiae (Irniger et al., 1995 [this issue of Cel/] ). Their data suggests that CDC16 and CDC23 may also be required to initiate proteolysis of proteins whose degradation is needed for sister chromatid separation at anaphase. As mentioned earlier, CDC16, CDC23, and CDC27 are members of a multiprotein complex in S. cerevisiae (Lamb et al., 1994) . In addition, we have found that the CDC16Hs and CDC27Hs proteins cosediment as a 20S complex from mammalian cell extracts. If this complex is involved in cyclin degradation, its spindle/centrosome localization may be important for controlling localized cyclin-dependent kinase activity. Edgar et al. (1994) have previously proposed a model in which only spindle-associated cyclin is targeted for destruction during mitoses 2-7 in the developing Drosophila eml~ryo. Similarly, Andreassen and Margolis (1994) have shown that, in mammalian cells, inactivation of p34cdc2 correlates with its localization to centrosomal microtubules and have suggested that essential components controlling exit from mitosis are present on the mitotic spindle. Together, our studies suggest that the spindle-and centrosome-associated CDC27Hs-CDC16Hs protein complex may be instrumental in mediating a positive signal for controlling the metaphase to anaphase transition.
Experimental Procedures Database Searches and Cloning of CDC16Hs
dbEST was searched using the BLAST Network service located at the National Center for Biotechnology Information. The CDC16 query sequence was masked with SEG (Wootton and Federhen, 1993) and searched using the default parameters of the TBLASTN (Altschul et al., 1990) program. An EST clone (NCBI 28491, GenBank T09436; Adams et al., 1993 ) that matched significantly (p = 1.2 x 10 -13) with CDC16 was ordered from the American Type Culture Collection (catalog number 85882) and fully sequenced. An overlappin~ clone encoding the 5' end of the cDNA was obtained by library screening and used to construct a full-length cDNA (S. T. and P. H., unpublished data). The full-length CDC16Hs cDNA sequence has been deposited into GenBank with accession number U18291.
Generation of Antibodies against the CDC27Hs and CDC16Hs Proteins
Anti.CDC27Hs Antibodies
A fusion between 6 histidines and a portion of the CDC27Hs protein was made and expressed in E. coil, allowing purification over nickelchelated agarose beads. Briefly, a 0.8 kb PstI-EcoRI fragment encoding the C-terminal 6 TPRs and the end of the protein was ligated into the Pstl and EcoRI sites of pRSET-B (InVitroGen). The 33 kDa fusion protein was expressed from the strong-17 promoter in strain BL21(DE3) pLysE (Rosenberg et al., 1987) and purified on nickel-chelated agarose according to the manufacturer's instructions (/NF+I-NTA; Qiagen). Polyclonal antibodies were raised by injection of the fusion protein into New Zealand white rabbits (HRP, Pennsylvania), and antibodies against the CDC27Hs protein were named JHU860. The same antigen was also injected into three mice. Sera from each of the mice gave comparable signals on immunoblots and in immunofluorescence experiments, and we use sera from ST255 for the studies presented here. Affinity purification was accomplished by coupling the fusion protein to CNBr-activated Sepharose 4B (Pharmacia) according to the manufacturer's instructions and by column purifying the polyclonal serum (Harlow and Lane, 1988) . Eluates from the column were dialyzed extensively against D-PBS (Bernat et al., 1990 ) and concentrated to 1.25 mg/ml using centricon 30 filters (Amicon). Protein A purification of IgGs from preimmune serum was carried out identically, except the column was prepared using Protein A-agarose (Bio-Rad).
Anti.CDC16Hs Antibodies A 0.3 kb Hindlll fragment encoding the linker between TPR3 and TPR4 of the CDC16Hs protein was ligated into the Hindlll site of pRSET-C, creating an 18 kDa fusion protein. This protein and the antibodies generated against it were carried through the same regimen as described for CDC27Hs (above), except that affinity-purified antibodies were concentrated to 3.75 mg/ml. The rabbit antibodies directed against the CDC16Hs protein are named JHU1443.
Immunoblotting
Protein samples were prepared from the cell lines as follows: cells were resuspended at approximately 108 cells/ml in 1% SDS, 1 mM DTT, 50 mM Tris-HCI (pH 7.5), 1 mM PMSF, 10 p.g/ml aprotinin, 10 ~g/ml pepstatin A, and 10 i~g/ml leupeptin (Boehringer Mannheim) by vortexing for 30 s. Samples were then boiled for 3 min and pelleted for 10 min at 15,000 rpm in the microfuge. Protein concentrations of the supernatants were determined versus BSA standard in the same buffer using a detergent-compatible protein assay (Bio-Rad). Samples were then mixed 1:1 with 2 x Laem mli buffer (Sambrook et al., 1989) .
Denaturing polyacrylamide gel electrophoresis was carried out as described (Sambrook et al., 1989) using high molecular weight markers (Bio-Rad) as standards. Gels were electrotransferred to ImmcbiIon-P membranes (Millipore) as described (Sambrook et al., 1989) . Immunoblots were processed using an enhanced chemiluminescence protocol (ECL; Amersham) essentially as recommended by the manufacturer (1:10,000 goat anti-rabbit or anti-mouse secondary antibodies), except with the addition of 0.05% SDS to the wash solution.
Immunofluorescence
HeLa or LLC-PK cells were grown on glass coverslips in RPMI/5O/O fetal bovine serum until -50%-75% confluence. The coverslips were then moved quickly to fresh 6-well culture dishes and immediately processed for immunofluorescence. Typically, PEM/Triton X-100 prewarmed to 37°C (100 mM PIPES (pH 6.8), 1 mM EGTA, 1 mM MgCI~ [PEM], and 0.10/0 Triton X-100) was added for 30-60 s and ~emoved, after which 3% paraformaldehyde in D-PBS was substituted to fix the cells. After a 3 rain fixation, -20°C methanol was substituted for 2 min, then the cells were washed twice for 2 min with D-PBS. Cells were then rinsed twice in KB+ (Bernat et al., 1990) for 2 min, and finally the diluted primary antibody was layered onto the ceils and incubated at room temperature for 1 hr. Methanol fixation was carried out by incubating cells in -20°C methanol for 5 rain, and then rinsing in D-PBS and KB+ as described above.
The mouse anti-CDC27Hs and rabbit anti-CDC16Hs sera (or their respective preimmune sera) were used at a 1:200 dilution. Antibodies were diluted in KB+ or were mixed with undiluted culture supernatant containing an anti-tubulin monoclonal antibody (Tu-27; provided by C. Rieder; original source, L. Binder). Excess primary antibody was washed away with three 4 mln incubations with KB+, and the cells were then incubated in secondary antibody for 1 hr at room temperature. Secondary antibodies used were FITC-conjugated goat anti-mouse and/or Texas red-conjugated goat anti-rabbit (Cappel) as appropriate and were used at a dilution of 1:1000 in KB+. Rinses were the same as for the primary antibody, except using KB-(no Triton X-100) instead of KB+, and the second wash contained DAPI at a concentration of 0.4 I~g/ml. Secondary antibodies alone on cells gave no signal. Slides were observed on an Olympus Vanox microscope. Images were captured on a DAGE SIT camera driven by a Perceptics PixelPipeline card driven by an Adobe Photoshop (Adobe Systems, Inc.) plug-in module written by Ilya Goldberg. Digital images were printed directly to a GCC ColorTone printer.
Injection of Antibodies into HeLa cells
HeLa cells were grown into microcolonies on etched Iocator grid coverslips (BellCo Glass, Inc., Vineland, NJ) as previously described (Betnat et al., 1990) . Antibodies (affinity-purified anti-CDC27Hs antibody at 1.25 mg/ml, preimmune IgGs at 1.25 mg/ml, or affinity-purified antiCDC16Hs antibody at 3.75 mg/ml) were microinjected into each cell within a microcolony (into the nuclei in the case of interphase ceils) using a Narishige micromanipulator and a Nikon PL1-188 microinjector. Cells were maintained at 37°C using a Nikon NP-2 microscope stage incubator at all times during injection and subsequent observation. Injected cells were monitored once per hour for entry into mitosis and occasionally photographed under phase-contrast microscopy.
